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NASA TT F-14,059

INFLUENCE OF LIFT AND CRUISE ENGINE DESIGN ON THE TRANSITION CHARAC-
TERISTICS AND GROUND ACOUSTIC FIELD OF VTOL TRANSPORT AIRCRAFT

H. Pakendorf, G. Bottger

ABSTRACT. A transition technique for maximum horizontal ac-
celeration is used to evaluate the influence of engine design
and thrust-vector control on the transition characteristics.
It is shown that the vertical balance of forces in transition,
and hence the transition characteristics, are influenced dir-
ectly by the input-output impulse ratio and by the thrust-
vector control characteristics of the 1lift and cruising en-
gines, and indirectly by optimal adaptation of the cruising
engines to the cruising flight requirements and by the number
of 1ift and cruising engines installed. A parametric analysis
of mixed and direct lift configurations shows that thrust-
vector control over an angle of at least 30 deg for the lift
engines is essential for ensuring safe transition.

1. Introduction and Problem Definition

Since in the case of VTOL and STOL aircraft the selection and design
of engine systems are of decisive importance, the present paper will analyze
the specific effect of 1lift and cruise engine design on transition behavior
and ground acoustic field in order to derive certain recommendations con=-

cerning the choice and design of engine systems.

VIOL aircraft with a takeoff weight of approximately 52 t were selected
as reference éircraft for the investigation; the engine systems of these air-
craft can be varied over a large range with respect to number of engines, by-
pass ratio and thrust angles of the litt and cruise engines., Specifically,

a configuration with a fully rotatable thrust vector of the cruise engine
(mixed 1lift configuration) is compared with an aircraft with a cruise engine
thrust that cannot be rotated or deflected (direct 1lift configuration). 1In
addition, within a certain range the effect of wing loads and the flap system

is to be included in the investigation.

*Numbers in the margin indicate pagination in the foreign text.
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Initially, the engine parameters affecting the horizontal and vertical
force equilibrium will be determined qualitatively by dimensioning the en-
gine during the transition; later, parametric studies will be used to deter-
mine their influence qualitatively. In order to make the unambiguous corre-
lation of control values affecting the transition, such as engine thrust
angle, flight attitude or attack angle, and also the vertical velocity and
acceleration components possible, a transition profile with constant altitude

and maximum horizontal acceleration is used and the process briefly explained.

‘ For the detemmination of the ground acoustic field, the transition pro-
file for rising flight paths for engine systems planned for the period of
1975/80 is established so that a minimum noise effect may be expected under
theAprevailing conditions. In addition, direct operating costs per seat-km
are estimated for such’'a flight profile and comparéd with costs for a ground-

‘vicinity profile.

2. Transition at Constant Altitude with Optimum Choice of Angles of

Attack and Thrust Control

In addition to the effect of lift and cruise engine design, aerodynamic
design, and aircraft configuration, to be specifically investigated here,

the transition process is determined by the following factorss

angle of rotation of the thrust vector of the cruise engine, o;
angle of rotation of the thrust vector of the lift angle, ¢;
rate of rotation of the thrust vectors, - do /dt; d é/dt;
attitude angle of the aircraft or angle of attack, #, qa;

wing flap angle, T

K’
initial vertical velocity, v, ® dh/dt;
jnitial vertical acceleration, bv = g2 h/dtz.

While observing safety rules and the requirements of attitudé control,
different transition processes can be established by varying the aforemen-
tioned factors. Since no guidelines have been issued by the air traffic
authorities for the starting and landing procedures of civil VIOL traffic
aircraft, and in order to define the correlation of the factors as closely
as possible for the purposes of the investigation of engine parameters, a
theoretically optimum transition process was chosen for the investigation,

which yields maximum horizontal acceleration and thus minimum values of time,



consumption and distance, at constant flight altitude (detailed description
in [1, 2]). A method suitable for comparative considerations is thus de-
fined, which (as will be shown) leads to correct trends and comparable re-

sults in comparison with actual use profiles.,

The entire process from start to aerodynamical flight is perfommed in

the following sections (Figure 1)3

Phase I Vertical rise to a predetermined transition altitude;
Phase II Transition at constant altitude (dh/dt = 0) through the
simultaneous rotation of the cruise and lift thrust vector

to a maximum deflection angle emax of the lift vector;

Phase III Additional rotation of the cruise thrust vector to a minimum

value of O . at constant € ;
min max

Phase IV Suitable throttling of the 1lift thrust with increasing

flight velocity at constant altitude and constant engine ro-

tation angles 9 . and € .

min max
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Figute 1._ Transition at Constant Altitude
: > Optimum Chcice of Attack and Engine
Thrust Rotation Angles

In Phases II to IV (Figure 2), the angle of attack « and the angle of

rotation of the 1litt and cruise vectors © and € (Phases II and III) are



varied for the step-like given air velocity ve and the optimum combination
of these parameters calculated for maximum horizontal acceleration. The
given flight velocity v, 1is varied gradually. In Phase IV, the angle of
attack and the degree of throttle of the 1ift engine are corrélated under
similar conditions,

Let us terminate the transition in accordance with FAA requirements for
HTOL aircraft at

Vaero = 142 X Vpjn . o

After this velocity has been attained, the cruise flight configuration
is assumed, i.e., the 1lift engines are turned off and the lift engine flaps

closed; the landing gear and the landing flaps are retracted.

Time, fuel consumption and distance can then be determined by integrat-
ing the maximum horizontal acceleration between the initial and final velo-

city of the transition.
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In order to maintain the momentum equilibrium around the center of
gravity, aerodynamic control forces and control thrusts must be applied dur-
ing the transition, for which an average value was deducted in the thrust
balance so that in the following the configuration investigated here may be

considered point masses.

3. Engine Design

In the design of the engines primarily a variation of the by-pass ratio
is performed, because in addition to the thrust distribution in 1ift and
cruise propulsions and the angle of thrust rotation, this has the greatest

effect on transition.

3.1. By~Pass Ratio

Transition performance (time, distance and fuel consumption) is first
affected directly by the by-pass ratio of the lift and cruise engines selec-
ted, because the'input pulse force of the engines acting against the flight
direction enters the horizontal force balance negatively, i.e., as a resis-
tance (see Figure 1), and the ratio of the input/output (3E/5A) increases
with rising by-pass ratios and flight Mach numbers, As an example, Figure
3 shows the (jE/jA)HTW ratio of the lift engine as a function of the by-pass

ratio and the Mach number. Cruise engines behave in an analogous manner.

Lift;Ehgipés L Cruise-Eﬁgines

:l ; s Crulse*Nach
L By = a°s_rat L 3V§N;Q §§§§°° :

STof 11 t,7 , i Crulsq fligat
engxnes* /// TN ”\\\ %altltude

o
-

l

>
h

|
|

B A
o ) l
’ ]

[ [A) Q.2 (%} 4 2 L} L] [ ]
Flight Mach Number y-Pagn"Ratlo of
o Cruise Engines

Ratic of Lift wmngine Pulse
Forces, Inputloutput (JE/JA)

e {3}

Eiguré B;fﬁEffedt“of-By-Pass:Ba;iof
..._on.Engine Performance



It will be shown that transition characteristics are strongly and
indirectly affected, in addition to the aerodynamic design and the rotat-
ability of thrust vectors, by the distribution of the thrust between 1lift
and cruise engines and thus by the dimensions of the cruise engines, the
installed net take-off thrust and the number of propulsion units., In order
to demonstrate this functional relationship, the dimensioning of engines

will be discussed in the following sections.

3.2. Dimensioning of Cruise Engines

Cruise engines are adapted in an optimum manner to cruise flight condi-
tions and in certain cases used to support the take-off thrust through ro-

tation or suitable deflection systems.

In the adaptation of cruise engines to cruise flight conditions, the

following values determine the thrust of the cruise engine on the stand:

cruise flight requirements, MR’ HR;

size of aircraft, GA, ol
aircraft design, : GA/F;

thrust ratio of the cruise engine, s = Scruiselsstand;
loss of thrust due to inlet pressure drop,

diversion of air and deflection systems in cruise flight KR.

From the cruise polar coordinates (depending on cruise flight altitude

and Mach number):

GA/F
C,., =" . ‘
_ AR {£/2 oi)- MR2 @
C K . 2
Cur ‘CWOMR oA (3)

the total gross stand thrust of the cruise engines can be calculated.

-
RTW “wr ¢ G4
%ges. CAR ' KR ts 4)




The functional relationship of the thrust ratio cruise thrust/stand
thrust shown in Figure 3 indicates that with increasing cruise altitudes
and Mach numbers and rising by-pass ratios the stand thrust of cruise en-

gines also increases.

As a result, the following relationship is found for the gross stand

thrust of cruise engines:
RTW
Soges = (/‘(RT\VI HR: MR, GA:GA/ F

(5)

3.3, VNet Take~-0Off Thrust Required for Vertical Take-Off

It is necessary for a vertically sfarting transport aircraft that, fol-
lowing the failure of an engine and the possible cut-off of another symmet-
" rically arrangéd engine, an excess thrust AS '/GA or at least a hovering
capability be retained. For such cases, the engine manufacturers offer

certain emergency lift reserve AS up to 10Z of the standard take-off a

Not
thrust, by which the take-off thrust can be temporarily increased in an emer-

gency.

In addition, in accordance with AGARD standards, the controllability
of the aircraft must also be maintained in the case of the failure of an en-
gine. In the vertical thrust balance, therefore, the thrust requ%red for
control purposes must be taken into account as the necessary excess thrust

(AS/GA)Steu'

Mixed Lift Configuration

In a mixed lift configuration, the thrust of the cruise engines is used
in vertical take-offs and in tramsition, through thrust angle rotation. Be-
cause in such a case the thrust of the cruise engines, designed in accordance
with cruise requirements, generally will not be equal to the 1lift thrust, in
the determination of the necessary excess thrust the failure of the engine

with the greatest thrust must be considered.

If z is the number of engines failed or cut off for reasons of torque

equilibrium, and n and n are the numbers of lift and cruise engines
HIW RTW HTW RTW
installed with a net thrust of SN and N 2 the necessary net take=-off

thrust is given bys



SN ges | 1+45/G, +(85/G)) o0,
G, 0+ 8So/500 [1°2 + S/oprwy” STW 'krw.g‘gw)] .
s, =Y o sV 5 MW

s, =S for s rgw< §HT

For 1lift and cruise engines with unequal thrust, where the latter is

designed for flight Mach numbers of 0.8 at an altitude of 7,500 m, the re-

quired net take-off thrust is shown in Figure 4 as a function of the in-

stalled 1lift engines and of the by-pass ratio of the cruise engines.

The

necessary excess thrust is therefore determined, in addition to the number

of 1ift and cruise engines, by the by-pass ratio of the cruise engines, which

controls their stand thrust at given flight conditions [see Equation (5)].
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If the net thrust of 1lift engines is decisive in the case of engine
failure, then the difference in the net take-off thrust between by-pass
ratios of 0 and 8 of the cruise engines can amount to 35%, because the by-
pass ratio of the cruise engines also determines the thrust class of the
1ift engines (see Section 3.4.).

If the failure of cruise engines becomes the decisive factor (SSTW>

SSTW), then an increase in the number of 1lift engines has no effect on the

excess thrust which remains constant. The number and the by-pass ratio of

the cruise engines, on the other hand, increases in importance.

With consideration of Equation (5), the follbwing relationship can be
established for the net take-off thrust:
RTW

Nges SHTW. S ) _
o = Hrwe Hrwe ST N T 7

Direct Lift Configuration~

In direct lift configurations the thrust vector of cruise engines is not
used during vertical take-off. Only the thrust of the lift engines is thus

decisive in the vertical balance of forces.

In this case

- oHIW
Sx SN and
an =0
so that Equation (6) becomes B
SN ges 14+85/G,+(85/G) ), W
b1 ” L -
G, LETANIAN MHtw T ® (8)

As shown in Figure 4, in this case the take~off thrust required depends

on the number of 1ift engines only.

The total installed net stand thrust given additionally contains the
stand thrust of the cruise engines which become effective during the transi-

tion only,

3.4. The Dimensioning of Lift Engines /9

With consideration of the necessary net take-off thrust detemmined in

Section 3.3., the net thrust required for safe take-off is given by



S
V70 = Nyges.
S =G, - <, (9

If the thrust of the cruise engines cannot be made available for the
vertical force balance (direct 1lift configuration), then the gross stand
thrust of the lift engines must be determined, with consideration of the in-

stallation losses (K . ), corresponding to Equation (9)

HTW
| HTW SMges O :
S a ges A (10)

' °9°5 GA ' KHTW

(direct lift configuration)

Diversion of the cruise engine thrust (mixed 1lift configuration) reduces
the 1ift engine thrust requifed corrdspondingly, so that the gross stand
thrust can be determined from

ww | SNges, Ca Saw | Riw

os Cp Rurw  Karw e (11)
. (mixed 1lift configuration)

S

The following relationship is then valid for the gross stand thrust of

the 1lift engines

s .
sHTW-f Nges ; SRTW ;G

) - )
oges A L A (12)

The total installed gross stand thrust of the 1lift and cruise engines,
relative to the take~off weight Soges/GA’ is also given in Figure 4 for the

parameter (& ) which is primarily discussed here and for these con-

HTW® " RTW
figurations.

Summary

In summary, based on the dimensioning of engines, it may be stated that
the horizontal and vertical force balance in transition and thus in the trans-
ition characteristics, are affected by the following design values of the

1ift and cruise engines:

Direct by In- and Output Pulse Forces:

the by-pass ratio of the 1lift and cruise engines;

the thrust vector rotation of the lift and cruise engines.

10




Indirectly by the Dimensions of the Engines:

the by-pass ratio of cruise engines;
the cruise altitude and Mach number;
the number of 1lift and cruise engines.

4, Definition of the Reference Aircraft and Engine Parameters

4.1, Aircraft Configuration

As an example of a VIOL aircraft with a mixed 1ift configuration, a de-
sign was chosen in which the lift and cruise engines are arranged in wing

gondola and where the thrust vectors are rotatable (Figure 5: Mixed 1lift).

The direct 1lift configuration ot Figure 5 represents an alternative solu=-
tion; here, only the 1lift engines are used to produce the lift thrust and the

cruise engines are installed on the tail of the aircraft.

o ap -
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The fundamental design of the aircraft was based on the following datas

Take-off weight ' G, = 52 « /13
Payload ) GN = 10 «
Range R = 800 km
Cruise altitude HR = 7500 m
Cruise Mach number MR = 0.8

Wing load GA/F = 400 kp/m2
Wing spread = 7
Slotted flap, flap angle ﬂK - 309
Number o; cruise engines Berw = 4
Number of lift engines Ny S 12
By-pass ratio of cruise engines MRTW = 6
By-pass ratio of lift engines MHTW = 10
Vertical take-off at IsA, S. L.

Status of engine technology 1975/1980

As the deflection system of the cruise engines in the mixed lift configu-
ration,‘Rolls-Royce rotatable nozzle deflector were chosen (2 jets on one side),
while for the litt engines jet deflection with tiltable louvers by General
Electric was selected; here the thrust vector of the lift engines can be ro-

tated by a maximum value ot Eﬁax = 40° (Installation angle of 1lift engines =
0) [3].
4,2, Engines

The 1ift and cruise engines used in the present investigation are based
on the assumed technology of 1975-1980. Corresponding to that stage of de-
velopment, thermodynamic performance and condition data, weights and dimen-
sions are used as calculated or estimated in the study “Parametric Engine Data'
[3]. The structural types, assumptions and methods of computation used, es-
pecially the noise characteristics, are discussed in detail in [ 4]. The in-

vestigation of transition behavior is based on the following engine design:

12



4,2,1. By-Pass Ratio

The 1ift and cruise engines considered in the present study are varied

within a by-pass ratio range of 0 - 10.

4,2,2. Turbine Temperature

In accordance with the stand of technology chosen, all of the engines
were designed for a turbine temperature of T4O = 15739K, which corresponds
to maximum take-off performance and which is applied normally for a period
of 5 minutes. In order to attain long durability, lower. turbine temperatures

are used during lift and cruise flight; here T = 1523°K during the rise

45t

and\TAR = 1473°K during the cruise. The latter represents the standard long-

time performance which can be applied without limitation.

4,2.3. Condenser-Total Pressure Ratio

On the stand, the following values were determined for this ratio:

» » fT -
cruise engines 30 = 18

1ift engines m

30= 8

The pressure ratio of the cruise engines was set relatively low with
W30 = 18, because in operation over short distances low engine weights are
at least as important as the reduction of fuel consumption through higher

pressure ratios.

The pressure ratio of 1ift engines was established at a higher valﬁe,
' ﬂ30 = 8, at the turbine temperature chosen, than used in existing life en-
gines, in order to achieve high specific thrusts. 1In addition, this compen-
sates the trend toward higher fuel consumption cauéed by the high turbine
temperatures. The choice of even higher pressure ratios is limited by the

need for light engine weights,

4,2.4., Fan-Pressure Ratio

The fan-pressure ratio is correlated with the existing by-pass ratio and
the other design parameters ( n30’ T40)‘so that the specific fuel consunption
is kept at a minimum. .Correlation with maximum specific thrusts (SO/GH)

leads practically to the same result,

13



5. Effect of Lift and Cruise Engine Design on Transition

Characteristics

In the following sections the effect of the parameters on transition
behavior at a transition altitude of 150 m is investigated with respect to llé
the configurations choseﬁ; here, the dimensions of the engines in accordance
with 3,2 and 3.4 was decisive for the thrust balance. In order to demon-
strate the effect of the different design parameters, initially the transi-

tion characteristics at low deflection angleé emax were detemmined.

5.1. Transition at Low Lift Engine Deflection Angles

5.1.1. Wing Loads and Flap System

As shown by the results for transition time, fuel consumption and dis-
tance in Figure 6, these values rise vefy strongly with increasing wing loads,
because with increasing GA/F.the aerodynamic ability to fly is attained at
higher velocities Viero only. At the initially assumed low angles of deflec-
tion of the 1lift engines the simple slotted flaps considered here are capable
of reducing the minimum aerodynamic velocities so that the lift engines can
be stopped sooner. The investigation showed that especially with high wing
loads, which are favorable for VIOL aircraft, and an optimum flap angle of
approximately 30°, substantial improvements can be achieved with respect to
transition characteristics. Higher flap deflections lead to an increase in
resistance which cannot be compensated by the increased lifting power; poorer

transitions thus result,

5.1.2., The By-Pass Ratio of Lift and Cruise Engines

For the investigation represented in Figure 7, 1lift and cruise engines
were varied for a fixed 1lift configuration over the entire fange of by-pass

ratios, .

As may be expected from the horizontal force equilibrium, transition
time and distance increase with rising by-pass ratios, because at the low de-
flection angle emax = 20° the inlet pulse force of the 1lift engines rises
faster than the horizontal component of the output pulse force. Due to the
substantially lower fuel consumption of the 1lift engines with high by-pass

ratios, these also yield the lowest consumption in transition. Since the

14



stand thrust of the cruise engines [as seen from Equation (4)], increases /16
with the by-pass ratio and this, in accordance with Equation (11), in a mixed
lift configuration the installed 1ift thrust decreases, transition character-

istics improve with increasing u
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In summary, it may be stated that improvements of transition behavior

can be obtained for the case of low angles of rotation of the 1ift engines

with

high by-pass ratios of cruise engines;
low by-pass ratios of 1lift engines (i.e., low inlet pulse force)

with respect to transition time and distance;

low wing loads; ' ) —_—

medium flap angles of approximately 30°.

It should be particularly noted, however, that conditions of low wing

loads and low by-pass ratios cannot be reconciled with optimum VTOL designs.

5.2. Transition at High Lift Engine Deflection Angles

As indicated above, the horizontal component of the lift engine outlet
pulse force is of decisive importance with respect to the acceleration of the
aircraft in transition. If it is possible to utilize the installed 1lift thrust
to a greater degree through the use of suitable deflectors for horizontal ac- '
celeration, transition can be improved substantially and the detrimental effect

of large 1ift engine by-pass ratios eliminated.

Figure 8 shows the transition time, consumption and distance as a func~
tion of maximum 1lift engine deflection angles for mixed and direct 1lift con-
figurations, It is seen that regardless of the configuration or the by-pass
ratio selected, deflection angles of at leaét 30° are required in order to
assure optimum transition behavior and to eliminate the detrimental effect

ot large litt engine by-pass ratios described in Section 5.1.

For deflection angles of € max > 309, Figure 9, in comparison to Figures
6 and 7, demonstrate the small effect of the choice of wing load, flap angle

and by-pass ratio of the cruise engines in transition performance.

In addition, Figure 8 compares mixed litt and direct lift configurations.
It is shown that with low litt engine deflection angles the mixed lift solu-
tion is nearly always better, because due to the greater installed 1lift thrusts
of the direct 1ift configuration (see Figure 4), the higher inlet pulse re-
sistance of the latter cannot be compensated by the horizontal component of

the outlet pulse force. However, in the case of greater angles of deflection,
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the higher total thrust of the 1lift engines of the direct 1ift configuration
has a positive effect and transition becomes more favorable than with the

mixed 1lift configuratiomn.

a. ‘Mixed 1ift configuration (fundamental design)
b. Direct llft configuration (fundamental design)
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It is also seen that in spite of the high total thrust of the lift engines,
the direct 1lift configuration does not attain the transition velocity at angles

of rotation less than 10°, due to the high inlet pulse forces.

5.3. Engine Failure ' /19

For reasons of safety, it is necessary that following the failure of an
engine and the potential shut-down of an engine symmetrically arranged with
respect to the failed engine, at least the hovering capability or a net thrust
excess AS&/GA> O should be retained. In addition, in accordance with FAA
licencing regulations, it is required that the failure of an engine should not
alter the configuration and that, therefore, the transition must be completed

without the failed engine.

In order to analyze the effect of engine design parameters on transition be-
havior with a failed engine, a critical case in the form of an engine failure with
a necessary stoppage of the symmetrical engine at the beinning of the transition

was considered.

5.3.1. Failure of a Lift Engine

In the investigation of the failure of a lift engine at the start of the
transition times, consumption and distances were determined as a function of the
number of 1ift engines and presented in Figure 10 for mixed and direct 1lift con-
figurations, with respéct to the transition performances without lift engine failure.

a. Mixed lift configuration (fundamental design)
be. Direct 1litt conflguratlon (fundamental design)
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The net excess thrust is taken into consideration in each case by the

predimensioning of the engines,

_ It is seen that even with a failed engine, direct lift configurations,
due to their substantially higher installed 1lift thrust, yield better transi-
tion performance than mixed 1lift configurations at an angle of deflection of

€ 2 (o]
mnax 20%,

With respect to transition characteristics without engine failure, how-
ever, time, distance and fuel consumption, even with high deflection angles
€ lax = 40°, are higher by 10 to 20%, in both configurations. The same is
true, with a low angle of deflection 'emax = 209, for the mixed lift con-

figuration.

In contrast to the foregoing, for direct 1lift configurations at low an-
gles of deflection, transition characteristics improve following the failure
of a 1lift engine with respect to the reference point, because at low deflec-
tion angles the inlet pulse force of the lift engines chosen here with e
10, are higher than the available horizontal component of the output pulse
force so that the failure or shut-off of 1lift engines in this special case
improves the balance of forces and makes possible a somewhat higher accelera-~

tion., /21

In all cases, in spite of the failure of 1lift engines and symmetrical

shut-off the transition and velocity is reached safely.

5.3.2. Cruise Engine Failure

The failure of a cruise engine was investigated for the configurations

under  study here (four cruise engines) as a function of the by-pass ratio

boRH? because with rising by-pass ratios of the cruise engines the thrust
available for horizontal acceleration increases [Equation (4) and Figure 3].
€ = 400; '

max

As shown by the result of the investigation in Figure 11, with high an-
gles of deflection of the lift engine; e max = 400, the failure of a cruise
engine does not cause problems and leads, as compared with the results obtained
without engine failure (Figure 9), to an increase in transition time of ap-

proximately 20% and of the.transition distance of approximately 40Z. In this
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case, the direct lift configuration, even if a symmetrical engine is also
shut off, yields better results. Since a suitable design of yaw control per-
mits the elimination of symmetrical shut-offs in direct lift configurations,
transition characteristics, as. shown in Figure 11, are substantially better
than in the mixed lift configuration.
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In the case of low lift engine deflection angles and small by-pass ratios

of the cruise engines ( p < 3), on the other hand, the mixed lift configura-

RTW
tion is not capable of attaining the final transition velocity, following the

failure of a cruise engine and the necessary symmetrical shut-off of another,
because due to the missing thrust the horizontal acceleration is too low.
In the case of a symmetry shut-off, direct 1lift configurations and for

€
max

capable of completing the transition over the entire range investigated, be-

20° even with a high thrust proportion of the cruise engines, are not

cause here again the inlet pulse force of the lift engines is greater than

the horizontal component of the output pulse force.

If, however, the symmetrical shut-off of a cruise engine can be elimi-

nated, the result presented in Figure 11 indicates that direct lift configura-

tions are able to complete the transition even in the case of low lift engine
angles and high by-pass ratios.
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6., Transition with Variable Flight'Paths and Constant Flight

Attitudes and Engine Rotation Angle

Since, in order to parametrically investigate the effect of engines on
transition an optimally unambiguous correlation of the detemining factors,
such as engine rotation angle, attitude angle, vertical acceleration and
velocity had to be found, initially as a permissible simplification, in ac-

cordance with Section 2, transition at constant altitudes was considered.

In reality, however, a vertical velocity and possibly an acceleration

component will have to be considered during the transition.

In addition, during the execution of the transition flight, it would be
difficult for the pilot to monitor, together with the conventional instruments,
three additional settings, i.e., the engine rotation angled and € and the
flight attitude angle ¢ . For this reason, the following investigations
are based on a transition process which takes into consideration the forego-
ing and thus better satisfies the actual conditions; it loses, howevér, some '

of its flexibility with respect to the engine parameters.
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Flgure 12. “Transition w1th a Variable Flight Path
Constant Flight Attitude and Engine
" Rotation Angles

The entire process from the start to aerodynamical flight is performed

in the following phases (Figure 12):



Phase I Vertical rise to a given altitude.

Phase II With a constant given flight attitude angle ¥ and lift engine
rotation angle € and the vertical acceleration dzh/dt2 = constant,
the corresponding angle of rotation of the cruise engines C is
determined in accordance with the equation of vertical motion,

for the given, gradually varying flight velocity.

Phase III Aftex Shin is reached, the flight attitude angle ¥ is varied to

a minimum value in accordance with the vertical force equilibrium.

Phase IV  The initial condition of a constant vertical acceleration is aban-
doned for the case of 0 = 0. and ¢ = ¢ ., and the acceleration
min min .
determined in accordance with the vertical equation of motion.
The aircraft rises at a greater rate than in Phases II and III.

The 1lift engines are not throttled.
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Figure 13. Transition Process
Transition-variable flight path

In Phases II to IV (Figure 13), the variation of 0 and ¢ and the verti-
cal and horizontal acceleration is determined for the gradually varying flight
velocity v, from these the instantaneous flight data and the transition time,

fuel consumption and distance may be calculated [2].
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The transition is completed with the attainment of safe minimum aero-
dynamic velocity:

v = 1.2'V .
aero min

A éomparison of the two transition processes considered here indicates
(Figure'A) that the results of the parametric calculation at a constant transi-
tion altitude versus a flight profile with rising altitudes differ relatively
slightly, particularly with respect to transition distance, and that devia-
tions concerning transition time and fuel consumption appear to be pemmissible

within the range of parametric engine investigations.

¥} q(llf conf1§ura—.Ve”tlcal initial acceleration dzh/dt =0
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Figure_l4{‘"Comparison of Transition Processes
ST |~ Flight path of constant and variable
transition altitude

In the following investigations to determine the acoustic ground field,

reference is made to the transition processes described in the foregoing.

7. Transition with Minimum Noise

7.1. Conditions of the Determination of the Far Acaustic Field

Because VTOL aircraft are destined to take off and land in the immediate
vicinity of cities or even in the center of cities, substantially more severe
licensing regulations than those contained in Part 36 for HTOL aircraft must
be expected. For this reason, as generally recognized, the choice of engines

with respect to minimum noise grows increasingly important.
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Figure 15 shows the sound level of 1lift and cruise engines currently

built or planned at a lateral distance ot 500 feet [5 to 13]. It is seen that

although the development of engines with high by-pass ratios will lead to
substantial reductions in the sound level for individual engines, the limit
of 95 PNdb at a distance of 500 feet for VSTOL aircraft specified in German,
British andVAmerican specifications cannot be obtained in the foreseeable

future, because of the high thrusts to be installed.

Maximum sound levels on the ground for the mixed and direct lift con-
figurations considered here (take-off weight approximately 62 t) were deter-
mined with consideration of the curves given ih Figure 15 for the 1ift and
cruise engines at a lateral distance ot 500 feet as 108 and 102 PNdb (Figure
16). It was found that the specified sound lével of 95 PNdb cannot be at-
tained at this time with the entire VSfOL system and the engines planned,
and that the throttling of the noise-intensive cruise engines in direct lift

configurations permits a reduction in the noise level by approximately 6
PNdb,

Decisive reductions primarily in the acoustic ground field along the
flight path thus are possible only through the choice of suitable transition

processes.

‘
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7.2. Effect of Transition Altitude on Acoustic Ground Field

The sensible sound level of an engine is a function, in addition to the
engine characteristics and the thrust, primarily of the distance to the source
of sound, so that a reduction of noise exceeding measures involving the en- -
gine can be obtained only by increasing the distance to the source of the

noise,

Consistent application of the vertical take-off technique, i.e.; by climb-

ing vertically to greater transition altitudes makes it possible to:

concentrate the unavoidable noise nuisance upon lift~off at the im-

mediate vicinity of the take-off location, and

execute subsequent jet-supported and aerodynamical flight at alti-

tudes which permit the satisfaction of noise specifications on the ground.

Figure 17 demonstrates for a mixed 1lift configuration the effect of the
initial transition altitude on the soﬁnd level on the ground, time, fuel con-

sumption and the distance covered above the ground at the end of the transi-

tion,
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no =AM U S ,'"”;"“’L“““ Direct lift configuration
: N\\ Lo i j ! + 11ft engines at maximum
B e .,w\;n_,,_-w;: T . output, cruise englnes
20 = Mixed 1lift . throttled-
= i N - confi uratlonm___ . . .
? T ‘*\‘, 18ur: | Mixed 1lift configura-
i . ! 1 ! : . s
e ! N : ; 'tlon:‘ 1ift ana. cruise
~ [T G S e -...._..__.j o3 . .
g Dlrect 11ft' N gntlnss at maximum
g 9onflguratlon NN utpu
0. ' . i : .
4 ' . \ * . .
PRI T ; 3 \ : \‘\\\\By—pass racio
7 SR SO S ——
. ] j i i : 1
g i 1 o :
S SR N SO YT TUS SN IO S - :
: e o wie ik 224 s Pl 3e8e %0 2]

Latsral distance from aircraft

. . -— .

Figure 16. Maximum Sound Level on the Ground T
= Hovering altitude 15 m, without ground effect

25

[28



. Sourd level on the griund,
end: ¢f transition

02 Lift engin~
B_Eg N by-pass Tatic
ES RN T AW
0 Ca [}
'5' g e
©» O R
RN .
.\ i {
’ I
’ i
80 s w 22 2% %
‘°: .
- ]
[ 14
-
§ 0 . .
Credn B ransition time
20 Sl s .
thees e — o
1900 - - e
Fuel consumptio.. o ‘
—¥ St
[=Y
-
" Sl

Distange Cox'ls,‘{iinption Time

~~ H
SUG c e .
f_ Transition distance
v % .
i Y o " e .y — g ee b el g e —
] | ] 0o W 200 M

{om)

Figure 17. Effect of Transition Altitude
. = Mixed-1lift configuration =



In addition, the effect of different 1ift engines are investigated; the
by-pass ratio of the cruise engines remained constant ( B o™ 6). It is seen
that a given sound level may be attained under certain conditions with low

values of HTW by chosing high initial transition altitudes,

With increasing initial transitioq altitudes, however, time and fuel con-
sumption Tise substantially; this is due primarily to the prolonged vertical
climbing phase, leading to increased direct operating costs (Section 7.4.).
The transition distance is only slightly affected by the transition altitude;
high by-pass ratios of the 1lift engines reduce mainly the fuel consumption to

the end of the transition.

The effect of the initial transition -altitude on the extent of the acous-
tic ground field is presented in Figure 18. As a comparison, for the mixed
1ift configuration a transition profile in ground vicinity (initial transi-
tion altitude 15 m, initial vertical velocity 8 m/sec) was confronted with a
profile for a minimum acoustic ground field (with an initial altitude of 250
m, vertical initial velocity of 17 m/s). ‘

Due to the different vertical velocities at the end of the climb phase,
which are decisive with respect to the transition, a relatively flat flight
path correlates with the low initial'transition~altitude and a steeper one

with the high altitude.

With respect to pemmissible noise limits on the ground, for the deter-
mination of the initial transition altitude, the minimum acoustical ground

field was defined as follows:

For a permissible limiting value of, e.g., 95 PNdb, the minimum lateral
extent of the isobar is determined by the sound level generated immediately
upon vertical lift-off (Figure 16) and which, therefore, cannot be affected
any longer by the choice of the transition profile. The initial transition
altitude must then be selected so that the lateral extent of the sound isobar

is not exceeded.,

In accordance with this assumption, for a minimum extent of the 95 PNdb
isobar a transition profile with an initial altitude of 250 m was determined,
which, based on the climbing flight path, leads to an acoustical ground field
having an extent of only 800 m‘in diameter, and permits the limitation of the

high. sound level to the immediate area of the take-off location.
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In contrast, with a transition at low altitudes and subsequent flaf
climbing flights, a substantially greater expénsion of the sound field (2400
m) of high intensity is unavoidable. The area irradiated with 95 PNdb is
approximately four times the size of the minimum acoustical ground field at

low transition altitudes.

7.3. Comparison of Mixed Lift and Direct Lift Configurations

With respect to transition performance, for high angles of deflection
of the l1ift thrust, the superiority of the direct 1lift configuration has al-
ready been established (Section 5.2.). A comparison of minimum acoustical

ground fields in Figure 19 in this example (u RTW = 6; Ram = 10) also yields
an advantage for the direct lift configuration, because the noise-intensive

cruise engines can be throttled during vertical climbing. In accordance with
Figure 16, the lateral extent of the -95 PNdb isobar is less, compared to the

mixed 1lift configuration.
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Because durihg thé take-off of a VIOL aircraft with a fully rotatable
cruise engine thrust vector (mixed lift configuration) the area irradiated
with more than 95 PNdb is unavoidably greater than if the noise-intensive
cruise engines are throttled (direct 1lift configuration), the resultant
initial transition altitude is approximately 250 m. In contrast, a greater
initial transition altitude of approximately 330 m is required for the direct
1lift configuration, because at this point the cruise engines must be brought
to full capacity for the purpose of horizontal acceleration, thus lifting

the total sound level above that of the mixed 1ift configuration.

The acoustical ground field resulting from these transition profiles is.
shown for the two comparative aircraft in Figure 19 and indicates that with
the engine technology on which the study is based a minimum extent of the
acoustical ground field at 95 PNdb of only 550 m in diameter can be attained,
coupled, however, with somewhat higher operating costs, due to the greater

initial transition altitude of approximately 330 m.

29



7.4. Effect of a Transition Optimum with Respect to Noise on Take-0ff

Weight and Direct Operating Costs

In order to estimate the effect of different initial transition alti- /33
tudes on take-off weight and direct operating costs, the take-off weightand
direct operating costs of the comparison aircraft were determined with the
aid of an aircraft design program [1, 4] and not only the higher fuel con-
sumption and the longer operating period of the lift engines considered as
a function of the transition altitude, but also the reaction on the overall

system in accordance with the magnifying factors observed,

In Figure 20, in accordance with the discussion of Section 7.2 and 7.3
the maximum extent of the acoustical ground field as a function of the ini-
tial transition altitude is shown, and the manner in which the initial alti-
tude to be chosen depends on the permissible sound level on the ground and

its maximum extension in the flight direction, is demonstrated.

.It should be noted that following the combletion of the transition, the
1ift engines are shut off and that thus the overall sound level of the air-
craft decreases. This effect is not immediately obvious from the behavior of'
the curves for constant PNdb values, because here the decisive "peak noise
level" is determined by the assumed acoustical field distribution of the
cruise engines so that.the shut-off of the lift engines in this special case

leads merely to a negligibly small variation.

The take-off weight assigned to each initial transition altitude and the
direct operating costs per seat-km are related to values for an altitude of
15 m. It is seen that even if a high transition altitude is chosen for a
minimum acoustic ground field (95 PNdb), the take-off weight rises by only
approximately 2.5%, which appears to be entirely acceptable with respect to Lgﬁ
the potential reduction of the noise trail. Direct operating cdsts, however,
increése in this case by approximateiy 11Z and thus attain orders of maghi-
tude which in a genuine inter-city use of VSTOL aircraft will lead to cost
increases. If, on the other hand, an extension of the permissible sound
field in the flight direction is possible, then the additional cost as com=-
pared with transitions at low initial altitudes are substantially lower so
that the amount of direct operating costs is affected decisively by legal

noise requirements and by the location and size of the airport to be served.
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8. Summary

It is shown through the dimensioning of 1ift and cruise engines and their

performance characteristics that the horizontal and vertical force balance in
the transition of vertically starting aircraft, and thus their transition

characteristics are decisively affected by the following engine design para=-
meters:

directly by the ratio of the input-output forces, which rises with

the by-pass ratio of the 1lift and cruise engines;

also directly by the thrust vector rotation of the 1lift and cruise
engines which ermits an increase in horizontal ‘acceleration with rising an-
gles of deflection;

indirectly by the optimum adaptation of cruise engines to cruise
flight requirements which leads with'rising by-pass ratios, flight Mach num-
bers and altitudes to an increase in the cruise engine thrust available in

the transition, due to engine characteristics;

by the number of installed 1lift and cruise engines, which in the
case of engine failure and potentially necessary symmetrical engine shut-off
and a high number of engines leads to slight losses in thrust and thus im-

proved transition performance.
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The results of the parametric investigation of engines for two compari-

son aircraft (mixed and direct 1lift configurations) confirmed the trends
determined by the dimensioning of the engines. Important results are the

following:

for the execution of safe transitions primarily high angles of

deflection emax 2 300 of the thrust vector of 1lift engines are required.

In this case, necessary lift aids for the transition may be eliminated and

the wing load and the_design of cruise engines can be largely based on the
optimum needs of the cruise and climbing flights. Direct 1ift configurations
without rotation of the cruise thrust vector in this case yield better tran-
sition performance, due to higher installed lift engine thrusts. High by~-pass
ratios of the lift engines affect fuel consumption favorably in this phase,
without -- at high 1lift engine deflections -- substantially reducing other

transition characteristics;

if low angles of rotation are permissible only for the thrust vec-

tor of lift engines, the transitiom can be favorably influenced by the choice
of low by~-pass ratios for the lift engines, high by~pass ratios for the cruise
engines, low wing loads and a flap system (ﬂsz 30°). Here again, mixed 1lift

configurations with fully rotatable cruise engine thrusts are desirable.

The safe completion of the transition in the case of engine failures is,
however, assured for mixed 1lift configurations only with cruise engines
3] 23 and with direct lift configurations only if symmetrical shut-offs

RTW
can be eliminated.

The requirement of an acoustic ground field of minimum dimensions (95

PNdb at a lateral distance of 500 feet) cannot be satisfied with vertical lift

engines under development at ‘the present time. It is, however,lpossible
through consistent application of vertical lift technology, i.e., through
vertical climbing to initial transition altitudes of approximately 300 m and

the choice of suitable transition profiles tos .

attain a concentration of the noise nuisance which is unavoidable

at the present time in the immediate vicinity of the take-off location and

conduct the subsequent jet-supported and aerodynamical climbing
flight at altitudes which minimize the dimensions of the area exposed to the

highest permissible sound level of 95 PNdb,
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The higher the transition altitudes which must be selected because of

specified minimum dimensions of the acoustic ground field, the more primarily

the direct operating costs will rise compared with those of transition pro-

files in ground vicinity. To attain a minimum acoustical ground field poss-

ible at this time (approximately 600 m diameter) of 95 PNdb, an initial

transition altitude ot approximately 300 m is required. The increase in

costs compared with an initial altitude of 15 m is approximately 11%.

Engine design parameters for optimum transition performance and with

respect to minimum acoustical ground fields are in agreement; due to the

throttling of the noise-intensive cruise engines in the vertical phase, di-

rect 1ift configurations yield lesser acoustical ground fields than mixed

1lift configurations.

A (kp)

A A, (kp)

a, , (m/s)
' (kp)

v Om/sec.z)
Cir (-
Cur (=)
Cio (-
dh/dt (m/sec)
d2h/dt2 (m/secz)
dzs/dt2 (m/secz)
DOC (DPf/seat-km)
F an)

G, (t)
G, /F (kp/n®)
Gy (kp)
g (m/secz)

Hp (m)

9.

Notation

Lifting power
Jet-induced drift

Velocity of sound
Fuel consumption

Vertical acceleration

Lift power coefficient in cruise flight
Resistance coefficient in cruise flight
Zero resistance coefficient

Vertical velocity

Vertical acceleration

Horizontal acceleration
Direct operating costs per seat-km
Wing area

Take-off weight
Wing load
Payload

Gravity acceleration

Cruise flight altitude
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SO/G

a SNot
]

AS /GA

(a S/GA)Steu

40
4st

4R

v .
aero

nin
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(m)
(m)

(kp)
(kp)

(-

(=)
(=)

(=)
(=)
(km)
(kp)

(kp)
(kp)
(sec)
(kp)
C-)
(-
(m)
°x)
C°x)
K
(sec)
(u/s)

Gn/SD_

m/s)
@/s)

Altitude /38

Initial transition altitude
Input pulse force
Output pulse force

Installation losses in cruise flight

(inlet pressure drop, air and power

diversion, deflection loss)

Installation loss of lift engines on /39
the stand

Installation losses of cruise engines

on the stand

Mach number

Number of engines

Range

Gross stand thrust of one engine

Net stand thrust of one engine

Thrust of a failed or shut-off engine
Specific thrust

Emergency thrust reserve of an engine
Excess ﬁhrust after engine failure
Loss of thrust due to control

Transition distance over ground

Turbine inlet temperature on stand

Turbine inlet temperature in climbing
Turbine inlet temperature in cruise flight
Time

Velocity

Transition velocity
Minimum aerodynamic flight velocity

Vertical velocity
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(kp)
(kp)

(=)
&)
&)
(%
&)

%)
(=)
(-)
C-) |
(kp secz/ma)
%)

ges.
HTW
RTW

Steu
VIO

Resistance

Jet-induced resistance

Number of failed and shut-off engines
Angle of attack : /40

Average angle of path in climbing
Flight attitude angle

Angle of rotation of the thrust vector
of 1ift engines with respect to the
longitudinal engine axis

Flap angle

Aspect ratio
By-pass ratio

Compressor - total pressure ratio
Density

Angle of rotation of the thrust vector
of cruise engines with respect to the

longitudinal axis of the engine

Indices

Undisturbed flow

Total

Lift engine

Cruise engine

Cruise flight

Control by installed thrust
Vertical take-off
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